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We study the condensation of exciton-polaritons in a two-dimensional Lieb lattice of micropillars.
We show selective polariton condensation into the flatbands formed by S and Px,y orbital modes
of the micropillars under non-resonant laser excitation. The real space mode patterns of these
condensates are accurately reproduced by the calculation of related Bloch modes of S- and P -
flatbands. Our work emphasizes the potential of exciton-polariton lattices to emulate Hamiltonians
of advanced potential landscapes. Furthermore, the obtained results provide a deeper inside into
the physics of flatbands known mostly within the tight-binding limit.
Dispersionless energy bands or flatbands (FBs) appear
in a large variety of condensed matter systems and are
linked to a wide range of topological many-body phe-
nomena such as graphene edge modes [1], the fractional
quantum Hall effect [2–5] and flat band ferromagnetism
[6–8].
There is a variety of two-dimensional lattices that sup-
port flat energy bands [9–11], with the so-called Lieb lat-
tice being on of the most straightforward examples [12].
Lieb lattices have been studied extensively in recent years
and flatband states have been observed in photonic [13–
15] as well as cold atom systems [16].
Creating artificial lattices in order to emulate and sim-
ulate complex many-body systems with additional de-
grees of freedom has attracted considerable scientific in-
terest [17–19]. Exciton-polariton gases in periodic lattice
potential landscapes have emerged as a very promising
solid state system to emulate many-body physics [20, 21].
Polaritons are eigenstates resulting of strong coupling
between a quantum well exciton and a photonic cavity
mode. The excitonic fraction provides a strong non-
linearity while the photonic part results in a low effective
mass, allowing the formation of driven-dissipative Bose-
Einstein condensation [22, 23]. These so-called quantum
fluids of light [24] can be placed in an artificial lattice po-
tential landscape using a variety of well developed semi-
conductor etching techniques [9, 25, 26], thin metal films
[27], surface acoustic waves [28], or optically imprinted
lattices [29, 30].
In this work we investigate the polariton photolumines-
cence (PL) emission in a two-dimensional Lieb lattice
(Fig. 1(a)). Due to destructive interference of next neigh-
bor tunneling J, flatbands form. Fig. 1(b) shows a tight-
binding calculation of the first Brillouin zone (BZ) band
structure, with the flatband dispersion highlighted in red.
High symmetry points of the BZ are found in the inset.
The two-dimensional polaritonic Lieb lattice was
fabricated using an electron beam lithography process
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and a consecutive reactive ion etching step on an AlAs
λ/2-cavity with three stacks of four 13 nm wide GaAs
quantum wells (QWs) placed in the antinode of the elec-
tric field, with a 32.5 (36) fold AlAs/Al0.20Ga0.80As top
(bottom) distributed Bragg reflector (DBR) (Fig. 1(c,d)).
The Rabi splitting of the sample is 9.5 meV. Only the
top DBR is etched in order to create a sufficient potential
landscape and not to damage the optically active region
of the QWs. The etched micropillars in the Lieb lattices
have a diameter of 3.0µm and 2.5µm at a cavity-exciton
detuning of δ=-23.2 meV with a normalized next neigh-
bor distance of v = a/2d = 1, where a is the lattice
constant and d the pillar diameter, meaning that in our
case the pillars just touch (Fig. 1(d)). The sample was
FIG. 1. (a) Schematic drawing of a Lieb lattice with the
three sites A, B, C with a lattice constant a and the unit cell
highlighted in a gray box. (b) Tight-binding band structure
of a 2D Lieb lattice featuring four Dirac-cone dispersions at
the M points as well as a distinct flatband (red). Inset: High-
symmetry points Γ, X, M in the first BZ. Scanning electron
microscopy image of a half-etched 2D polariton Lieb lattice
(c) and zoom into the structure (d).
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2mounted in a liquid Helium flow cryostat with a constant
temperature of 6 K. The non-resonant PL experiments
where performed using a pulsed Ti:Sa-Laser with a pulse
length of 2 ps and a repetition rate of 82 MHz, tuned
to a Bragg mode minimum on the high energy side of
the stop band at around 1.596 eV with a spot size of
around 25µm diameter. The PL emission was collected
using a 50× magnification objective with NA=0.42. In
order to be able to display modes at a certain energy
in real space, mode tomography was performed by
shifting the last imaging lens and consecutively taking
spectra, allowing for full information in (x, y) and energy.
First, we calculate the energy-momentum band struc-
ture of the Lieb lattices using a full description of the
Bloch modes taking into account all relevant system pa-
rameters. For this aim, we solve the following eigenvalue
problem for the energy ~µ(kb) of the Bloch mode with
the Bloch vector kb = {kbx, kby}
~µ
{
pb(r,kb)
eb(r,kb)
}
= Lˆ(kb)
{
pb(r,kb)
eb(r,kb)
}
, (1)
where the functions pb(r,kb) and eb(r,kb) describe the
amplitude distributions of the photonic and excitonic
component of the Bloch modes in real space defined in
the plane of the microcavity r = {x, y}. The main matrix
in Eq. (1), describing the single-particle coupled states of
excitons and photons, is given by the expression
Lˆ =
 ~ω0C + ~V (r)− ~22mC
(
~∇⊥ + ikb
)2
~Ω
~Ω ~ω0E − ~
2
2mE
(
~∇⊥ + ikb
)2
 .
In the model above, the quantities ω0C and ω
0
E represent
the energies of bare photons and excitons, respectively.
The photon-exciton coupling strength is given by the pa-
rameter ~Ω which defines the Rabi splitting for the mi-
cropillars as 2~Ω = 9.5 meV. Here, mC = 32.3× 10−6me
is the effective photon mass in the planar region and me
is the free electron mass. The effective mass of excitons
is mE ≈ 105mC . An external photonic potential V (r)
is defined within the unit cell of the Lieb structure (see
Fig. 1(a)) compound of micropillars. We assume that the
potential is V (r) = 30 meV outside the micropillars and
zero otherwise.
In Figs. 2(a,b) we plot the bandstucture of the Lieb
lattice along the high-symmetry points of the first Bril-
louin zone Γ-X-M-Γ for a pillar diameter d=3.0µm and
d=2.5µm, respectively. We mention that the fascinating
physics of particle dynamics in the vicinity of flatbands
or dirac cones have been mostly studied within the tight-
binding approach which is well-justified for the electrons
in crystals. However, this description is not necessarily
justified in micropillar systems studied here, since the
mode profile of the separate pillars can be substantially
modified by the neighboring ones. Within a more general
approach we found two (at least) dispersive-less bands
FIG. 2. Full Bloch-mode calculation of the band structure
of a polaritonic two-dimensional Lieb lattice along the high-
symmetry points of the first Brillouin zone Γ-X-M-Γ for a
pillar diameter d=3.0µm (a) and d=2.5µm (b). (c,d) Real
space mode pattern of the P - and S-flatband, respectively.
The white circles indicate the Lieb unit cell.
(flatbands) occurring from a fundamental S and from
the second P modes of the micropillars (highlighted in
red in Figs. 2 (a,b) ).
A real space plot of these flatbands (Fig. 2 (c,d))
shows the distinct diamond shaped modes where the
A-site is dark and light is emitted only from the B- and
C-sites. The S-flatband mode is found in exact analogy
to localized flatband modes in photonic crystals [14, 15].
We point out that Fig. 2 (c,d) were calculated for a
pillar diameter of d=3.0µm, with the results for d=2.5
µm being qualitatively identical with just the length
scales changing. The mode profiles of the S-band have
slightly elliptical shapes (Fig. 2 d) in spite of the fact
that the potential traps are perfect circles. Evidently,
the neighboring sites substantially modify the shapes of
the modes, due to direct touching between micro-pillars.
Also the shapes of the P -band Bloch modes are modified
by the neighboring potentials, resulting in the slight
tilting of the lobs in respect to the symmetry axes of the
Lieb structure (Fig. 2 (c)). These effects definitely go
beyond the validity of the tight-binding approximation.
It is worth noting that the P -flatband crosses several
highly dispersive bands, contrary to what is expected
from the tight-binding approach.
In order to study the condensation behavior of our
lattice polariton system, we increase the non-resonant
pulsed laser excitation with a spot diameter of 25µm,
observing a strong non-linearity of the PL emission inten-
sity accompanied by a sudden decrease of the linewidth
(Fig. 3(a)). For the Lieb lattice with a pillar diameter
of 3.0µm and a S-mode-exciton detuning of δ=-22 meV
3FIG. 3. (a,b) Peak intensity, emission linewidth and blueshift
as a function of the laser excitation power. For a 3.0µm diam-
eter lattice the P -flatband emitts dominantly (a), while for a
2.5µm diameter lattice the non-linear emission is dominated
by the S-flatband. (c) Real space modes of the P -flatband at
an energy of EP=1527.1 meV (PLaser=3.0 mW) obtained by
mode tomography. (d) Real space modes of the S-flatband at
an energy of ES=1526.4 meV (PLaser=5.0 mW).
the non-linear emission stems dominantly from the P-
flatband. The real space intensity profile of the conden-
sation mode, plotted in Fig. 3(c), perfectly matches the
calculated intensity pattern of photonic component of the
respective Bloch mode in the P -flatband (compare with
Fig. 2(c)), similar to earlier findings for a one-dimensional
Lieb-chain [32]. Due to the interaction with the incoher-
ent reservoir of hot excitons and carriers, the radiation
energy of this mode (EP = 1527.1 meV) is blueshifted
about 2.3 meV with respect to the single-particle band
structure.
In order to allow the condesation into the S-flatband,
we shift to a Lieb lattice with a diameter of 2.5µm
at nominally the same cavity-exciton detuning on the
sample. Due to the increased confinement potential,
the S-mode-exciton detuning is reduced by 2 meV to
δ=-20 meV. Therefore, the S-flatband shifted towards
the P -flatband energy for the 3.0µm case (see Fig. 2
(a,b)). Here, a dominant non-linear emission from the
S-flatband at ES = 1526.4 meV is detected (Figs. 3
(b,d)). When shifting to a smaller pillar diameter the
increasing confinement in turn increases the excitonic
fraction of the polariton. In addition, it has been
experimentally shown that spatial confinement enhances
phonon-mediated relaxation mechanisms[31], which
allows for polaritons to relax to the S-flatband for the
smaller diameter case. While the overall brightness of
the near-field emission varies locally in both flatband
polariton condensates, the dominant emission comes
from the B- and C-sites in the characteristic diamond
shape (compare with Fig. 2(d)). This S-flatband pattern
FIG. 4. (a) Non-energy resolved real space PL of the P -
flatband using a λ/2-waveplate and a linear polarizer in
the detection path. Primarily the vertically polarized mode
is visible. (b) Linear polarization measurement of the P -
mode (Peak 1 and 2) as a function of λ/2 rotation angle.(c)
Measurement of P -flatband real space emission at an en-
ergy of EP=1527.1 meV in horizontal (yellow) and vertical
(turquoise) linear polarization.
agrees well with the findings of F. Baboux et al. for a
one-dimensional polariton Lieb chain [32].
In order to study the linear polarization properties of
the high angular momentum modes, we introduce a λ/2-
waveplate and a linear polarizer to the detection path
in front of the spectrometer. Even without energy fil-
tering the P -flatband emission in the d=3.0µm lattice
completely dominates the real space emission, shown in
Fig. 4(a) for the horizontally polarized part of the spec-
trum. We then measure the intensity of a P-mode (Peak
1 and 2) as a function of the λ/2 waveplate angle, show-
ing a clear linear polarization (45◦ periodicity) of the
order of 80%. From this we extract the angle posi-
tions for horizontal and vertical polarization degree to
perform a mode tomography at the exact energy of the
P -flatband. As shown in Fig. 4(c), for the P -flatband
we find that, while the B-sites are dominantly vertically
polarized (turquoise), the C-sites are horizontally polar-
ized. This indicates that the B-to-A and C-to-A tunnel
coupling strongly depends on the polarization state of
the polariton. A similar polarization behavior has been
found by C. E. Whittaker et al. under quasi-resonant
excitation in a similar geometry [33].
In conclusion, we have experimentally demonstrated
polariton condensation into the P - and S-flatband of a
two-dimensional Lieb lattice. The real space mode pat-
terns are in excellent agreement with the theoretical data
using a full Bloch mode description of the coupled mi-
cropillar lattice. We have furthermore demonstrated the
possibility to condense into different flatband dispersions
selectively, making use of the inherent detuning depen-
4dent condensation properties of polaritons. These results
underline the potential of exciton-polariton lattices as a
non-linear photonic simulator in general and for the em-
ulation of flatband system in particular.
Supplementary Material
In supplementary figure S1 PL and white light reflectiv-
ity data is presented to show the strong light-matter cou-
pling in the microcavity. Supplementary figure S2 shows
the P -flatband (S-flatband) dispersions in the d=3.0µm
(d=2.5µm) lattices.
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